Abstract. In order to reduce noise in signal contaminated by strong noise, a joint denoising method wavelet adjacent coefficients combined with shrinkage threshold is proposed. The threshold function is improved to some extent. By adjustingthe parameters of the adjacent coefficients of the wavelet adaptively, after the decorrelation of wavelet adjacent coefficients combining it with the shrinkage threshold, the noise reduction experiment of the bearing simulation signals contaminated by strong noise is carried out. The experimental results show that the denoising effect of this method is better than one of the two methods used alone. The method is applied to the actual bearing fault diagnosis. The results show that the denoising method can effectively extract the characteristic frequency of bearing fault.
Introduction
The vibration signal characteristics of the mechanical equipment obtained in the field environment are often drowned by the strong noise. Therefore, it is particularly important to study the signal denoising and extract the characteristic information representing the vibration of the mechanical equipment. Wavelet transform is a kind of time-frequency resolution and has the characteristics of multiresolution analysis. Therefore, wavelet shrinkage threshold denoising is one of the most widely applied methods [1] . Donoho etc [2] found the universal threshold method, obtaining the global threshold by using the signal length and the variance of the noise in the signal. Donoho etc [3] also proposed the unbiased likelihood estimation based on Stein. It calculated the likelihood estimation of a given threshold and minimizing the value of the likelihood function to obtain the threshold. The result of signal processing is different in selecting different number of layers in the wavelet transform. So, Cai Tie [4] found the singular spectrum theory used to determine the appropriate number of layers. The correlation of adjacent coefficients of wavelet also plays an important role in signal denoising.CAI [5] etc created a denoising method based on wavelet adjacent coefficient decorrelation, and its experimental results show that the denoising result of adjacent coefficient decorrelation denoising method is superior to the general threshold denoising. Huawei [6] applied the translation invariant multiwavelet adjoint coefficient to the vibration signal of mine gearbox, and successfully extracts the fault feature vector. Wang Hongchao [7] combined the wavelet adjacent coefficient denoising method with the time-frequency wavelet slice transform to extract the early fault features of rolling bearing.
The number of suitable decomposition layers is determined by the singular spectrum theory in this paper, combining the adjacent coefficients of the adaptive parameters with the shrinkage threshold, denoising the signal with strong noise vibration signal, applying to the bearing simulation signal. After simulation it is verified by simulation that the noise-signal ratio of the adaptive adjustment parameter's wavelet adjacent coefficient combined with the shrinkage threshold after denoising has a certain degree of improvement compared with the single method.
Wavelet Shrinkage Threshold Denoising
In the signal collection process, the signal necessarily contained noise, and a signal containing the noise could be expressed as Eq. 1 Firstly carrying out the wavelet transform to the signal to obtain wavelet coefficient, then the wavelet coefficient are quantified according to the soft threshold or hard threshold. Finally, the denoised signal is obtained by the inverse wavelet transform after the wavelet coefficient quantized by the threshold.Usually, the hard threshold function is easy to produce Gibbs phenomenon. The soft threshold function can cause some distortion in the inverse transform. Another threshold function is proposed and its expression is The red curve in the figure represents a schematic graph after an improved threshold function. The comparison of the noise-signal ratio and the root mean square error is compared to table 1. 
Determination of Adaptive Decomposition Layer
It can be obtained by the theory of wavelet analysis, the wavelet space turns into the characteristics of white noise, when the number of layer reaches a certain degree, the high frequency coefficient will be significantly larger than the high frequency coefficient of white noise, meanwhile it shows the nature of non-white noise [8] . Let the wavelet coefficients on scale j compose the sequence of
, and do the singular spectrum analysis of this sequence, that is to say, the sequence is first embedded into phase space of m dimension with delay  . Then the Takens embedding theorem constructs the attractor orbital matrix
The singular value decomposition of the orbit is decomposed, and the eigenvalue matrix of the matrix is obtained. It represents the m characteristic direction of the sequence of energy, that is, m singular values 
denotes singular spectrum. It can be concluded that if the high frequency coefficient of the effective signal plays a main role in the wavelet space, the singular spectrum is obviously attenuated [9] . The steps of the algorithm are as follows: First, a wavelet transform is carried out on the noisy signal, and the details and the approximate parts are obtained. Second, analyzing high frequency coefficient using by singular spectrum theory. Again, the singular spectrum gradient is calculated to determine whether it is greater than the set threshold. The empirical formula for calculating the threshold value is expressed as e denotes the singular value of the first layer high frequency coefficient. In the end, if the singular spectrum slope is larger than the calculated threshold and the number of decomposition layer is less than equal to the maximum number of decomposed layer set in advance, the number of decomposition layer is reduced one by the number of the current decomposition layer. Otherwise, return to the first step and continue to decompose the low frequency signal in the next layer.
Wavelet Adjacent Coefficient Denoising with Adaptive Adjusting Parameters
If the wavelet coefficient of a point contains some characteristic information, then its adjacent coefficient domain also contains a few similar characteristic information. Therefore, the wavelet coefficients are used to eliminate the noise of interdependency, and some adjacent coefficients are used as the whole blocks for threshold quantization. The algorithm procedure based on the adjacent coefficients of wavelet can be expressed as [5] : Do discrete wavelet decomposition of original signals obtained from vibration test collection. For each scale j , the wavelet coefficients are grouped for 
Using the high frequency part after the threshold quantization to do inversing transformation for the signal after denoising. According to the experience of other author, the size of the block is taken N ln , and N is the signal length [10] .
Simulation and Actual Measurement Signal Verification
Appling of simulation bearing fault signal to verify the correctness of self-adaption adjustment of adjacent coefficients of wavelet. The expression of simulation signal simulation The number of best decomposition layers in the wavelet transform is obtained by using the theory of singular spectrum. The values of the gradient of the singular spectrum of each layer obtained by the wavelet decomposition are shown as shown in the table 2. Table 2 . The gradient value of the singular spectrum of each layer decomposed.
Decomposition layer
The gradient value of the singular spectrum of each layer
The value of k . It can be judged by the singular spectrum analysis that the optimum number of decomposed layers is four layers. Through the MATLAB program automatically filters out the value of  corresponding to the largest noise-signal ratio in this article. After the program operation, the corresponding  value is 0.78 when the noise-signal ratio is maximum .At this time the noise-signal ratio is
.Based on the above results, now the signal denoised by the above method is further denoised by shrink threshold. It can be seen at this time that the periodic interval is about 0.01 second. Compared with the effect of only adjacent coefficients of wavelet, it still has some improvement from the calculation of its noise-signal ratio. The denoising figure is shown in figure 5 . The noise-signal ratio is shown in Table 3 . The signal of actual measurement is selected from the fault signal of the outer ring of the rolling bearing. The data can be downloaded from Case Western Reserve University open bearing data online. Sampling frequency is 12kHz, and the length of data point is 4096. The waveform of the time domain is shown in figure 6 . The time domain diagram has been contaminated by noise without obvious periodic information. Denoising effect of wavelet adjacent coefficients and the wavelet adjacent coefficients combined with the shrinkage threshold of this paper are shown in figure 7and 8 respectively. There is no obvious impact feature information in figure 7 , in contrast, most of the noise components in figure 8 have been eliminated, and have shown a certain period of impact characteristic information, which is consistent with bearing fault feature information. For further comparison, making the spectrum of the two methods. The validity of the method proposed in this paper can be obtained from the comparison of the above four figures. Thus it can be seen that this method can extract the impact signal characteristics of rolling bearings more effectively.
Conclusion
A function of threshold improvement is proposed, and the rationality of the function is verified with the help of hard and soft threshold functions in this paper. By using the singular spectrum theory combined with the MATLAB program, the adaptive selection of decomposition layer number is realized, and the number of decomposition layers suitable for the signal is obtained. When using adjacent wavelet coefficients to denoise, a method of adaptive adjustment parameters of adjacent wavelet denoising combined with shrinkage threshold denoising is proposed. Through the noise-signal ratio of the bearing simulation signal, it is proved that the denoising effect of this method is better than that of any one of the two methods.
